Objective: To determine if higher potency cannabis is associated with earlier progression to regular cannabis use, daily cannabis use, and cannabis use disorder symptom onset. Methods: Data sources were the Michigan Longitudinal Study, an ongoing prospective, high-risk family study investigating the course and predictors for substance use disorders among youth beginning prior to school entry and time-parallel national average trends in delta-9-tetrahydrocannabinol (i.e., psychoactive compound in cannabis). The national average trends in delta-9-tetrahydrocannabinol were used to estimate potency level for the individual. Only cannabis users were included in analyses (n = 527). Results: Cox regression showed an increased risk of progression from cannabis initiation to cannabis use disorder symptom onset by 1.41 times (p < .001) for each unit increase in national average delta-9-tetrahydrocannabinol as compared to those not endorsing CUD symptom onset, adjusting for sex, regular use, and cohort effects. Accounting for regular use, individuals initiating cannabis at national average 4.9% delta-9tetrahydrocannabinol were at 1.88 times (p = .012) higher risk for cannabis use disorder symptom onset within one year compared to those who did not endorse CUD symptom onset, while those initiating cannabis at national average 12.3% delta-9-tetrahydrocannabinol were at 4.85 times (p = .012) higher risk within one year. Conclusions: This study provides prospective evidence suggesting higher potency cannabis, on average in the U.S., increases risk for onset of first cannabis use disorder symptom. Development of guidelines regarding cannabis potency is critical for reducing the costs associated with negative health outcomes.
Introduction
Development of guidelines and regulations regarding cannabis potency (i.e., delta-9-tetrahydrocannabinol [THC]%, psychoactive compound in cannabis) has been slow in comparison to the quickly changing legislative landscape of cannabis. Since California legalized medical cannabis in 1996, 33 states and Washington D.C. have legalized medical cannabis, and 10 states have legalized recreational cannabis. However, none of the states that legalized medical or recreational cannabis have developed regulations regarding THC levels (Coombes, 2014) . Uruguay, the first country to fully legalize cannabis, considered but has not instituted an upper limit for THC% (Coombes, 2014) and the Netherlands has discussed making > 15% THC cannabis a "hard" drug (Rolles, 2014) . The stated reasoning for this limit was decried as arbitrary because available cannabis had THC levels higher than the suggested 15% cutoff; further, little research has examined whether higher potency cannabis posed more risk for negative consequences (Niesink and Rigter, 2013) . One major problem in developing these guidelines has been the inability to determine whether potency increases the risk of regular/daily cannabis use or cannabis use disorder (CUD) symptom onset.
National epidemiological surveys show an increasing prevalence of cannabis use among adults (Hasin et al., 2015 Martins et al., 2016) . Furthermore, there have been increasing rates of cannabis initiation among college attendees since 2013 (Miech et al., 2017a,b) . Findings are mixed regarding changes in the prevalence of CUD. The National Epidemiologic Survey of Alcohol Related Conditions (NE-SARC) indicated an approximate 20% increase from 2002 /2003 (Hasin et al., 2015 , and concomitantly, CUD diagnosis increased over 50% between 2002 and 2009 in Veteran Affairs (VA) hospitals (Bonn-Miller et al., 2012) . In contrast, the National Survey on Drug Use and Health (NSDUH) suggests CUD rates remained stable over the same time period (Grucza et al., 2016) . Inconsistencies in prevalence rates could be due to methodological differences associated with data collection (i.e., face-to-face interview (NESARC) versus computer-based assessment (NSDUH) versus changes in CUD assessment and diagnosis during the study period (VA). Meanwhile, THC has been linearly increasing for over two decades (Cascini et al., 2012; ElSohly et al., 2016) , with mean THC% in cannabis flower at 3.50% in 1994 and 12.30% in 2012 (ElSohly et al., 2016 . There has also been speculation that increases in potency are partly responsible for the increase in CUD prevalence (Copeland and Pokorski, 2016) or at the very least increased addiction potential (National Institute on Drug Abuse, 2017).
There have been concerns that acute harms associated with cannabis use such as increased motor vehicle accidents (Brady and Li, 2014) and increased emergency room visits (Substance Abuse and Mental Health Services Administration, 2013) are related to the increases in THC% (Volkow et al., 2014) . While the specific role of cannabis potency in health outcomes is understudied and difficult to substantiate (NIDA, 2017), one argument for cannabis regulation is the potential association of cannabis potency with psychosis. A handful of studies have examined cannabis potency and focused specifically on risk for psychosis or psychotic symptoms. Extant studies distinguished high-versus low-potency cannabis from self-reported types of cannabis used showing that high-potency cannabis is associated with a faster onset and greater risk of psychosis (Di Forti et al., 2009 , and frequent use of high-potency cannabis is associated with altered brain structure (Rigucci et al., 2016) . One cross-sectional study found that high-potency cannabis was associated with increased CUD severity among young adults (Freeman and Winstock, 2015) . Although these findings have provided preliminary evidence to support further examination of potency as a predictor for negative outcomes, they are limited by using cross-sectional data, retrospective recall, possible reverse causality, categorical representations of THC levels (high versus low), and self-report of illegally obtained cannabis that may not accurately represent the THC levels of the cannabis used.
Considering no guidelines exist regarding cannabis potency, one major area of concern in rising THC levels is addiction potential, which has significant implications for treatment and intervention effectiveness. If higher levels of THC increase the likelihood of CUD symptom onset, then clinicians need to intervene early, targeting not only cannabis use patterns, but also the type of cannabis being used. Hypothetically, individuals who regularly use cannabis flower at 15% THC (or THC concentrates up to 80% THC) would experience more acute harms associated with use, faster onset of CUD symptoms, and more impairment associated with withdrawal symptoms, relative to the regular use of cannabis flower at a lower level of THC. If potency is influential in the experience of acute harms, national trends in increasing potency have the potential to increase the costs associated with more individuals seeking treatment for CUD and longer times to CUD remission. Indeed, research has shown that cannabis use was associated with an increase in emergency department utilization from 2004 to 2011 (Substance Abuse and Mental Health Services Administration, 2013; Zhu and Wu, 2016) . Therefore, it is critical to identify the role that increasing cannabis potency plays in the development of CUD in order to reduce the impact on utilization of healthcare resources.
Cannabis research has been hindered by difficulties in determining the longitudinal effects of increasing cannabis potency. Although the best solution is to obtain potency levels of actual cannabis used, the feasibility of obtaining samples is limited by the federal illegality of cannabis, and historically, has been impossible to achieve. Another approach is to use average national levels of THC to estimate the effects of greater potency by integrating mean THC levels with existing longitudinal studies. This approach provides a proxy for understanding possible links between cannabis potency and CUD symptom onset. We used this integrative approach to fill a gap in the literature regarding the effect of increasing potency on patterns of cannabis use and CUD symptom onset. The Michigan Longitudinal Study, an ongoing study for 30 years, was leveraged to examine the effects of potency at cannabisuse initiation on the progression from recreational to regular/daily use in conjunction with mean national levels of THC. Higher potency levels at the initiation of cannabis use were hypothesized to be associated with progression to first regular cannabis use, first daily cannabis use, and CUD symptom onset.
Method

Participants and procedure
Participants were offspring in families participating in the Michigan Longitudinal Study (MLS), an ongoing, multi-wave, prospective study investigating families at elevated risk for substance use disorders (Zucker et al., 1996 (Zucker et al., , 2000 . High-risk families were recruited via father's drunk-driving conviction records, and a contrast sample of ecologically comparable families, albeit without a substance use disorder, were recruited through door-to-door community canvassing in the same neighborhoods as the high-risk families in a four-county wide area in central Michigan. Initial recruitment required the father to be living with a 3-5-year-old male child and the child's biological mother. Siblings within 8-years of age from the initial male child were also recruited into the study approximately two years after the initial recruitment. In-depth assessments were conducted at 3-year intervals, and shorter annual assessments were conducted between the ages of 11 and 26. Informed consent and assent were obtained from parents and children, respectively, after receiving a complete, age-appropriate description of the study. The University Institutional Review Board approved all procedures.
This study used longitudinal data from in-depth assessments conducted at 3-year intervals from ages 12-14 to ages 24-26 and the annual assessments from ages 11-26. Only those participants who initiated cannabis between 1994 and 2012 were included in the current study. The subsample of the MLS participants with complete annual and 3-year interval assessment data and any lifetime cannabis use (n = 527) were included in analyses. Because of study design consideration (Zucker et al., 2000) , 71.5% of the sample was male, and 89.4% was Caucasian, which was representative of the Midwest area where the study was conducted (see Table 1 for sample characteristics). Additionally, national average cannabis potency (THC%) was obtained from a publication from ElSohly et al. (2016) that tracks cannabinoid concentrations from cannabis confiscated by the Drug Enforcement Agency, where data from 1994 to 2012 were used in the current study.
Measures
Cannabis use
The Drinking and Drug History Questionnaire (Zucker et al., unpubl. manuscript) assessed substance use annually from ages 11-26. Age of first cannabis use was obtained through a question asking, "How old were you when you first used marijuana?" Annual cannabis use was determined by utilizing the national Monitoring the Future study measure (Johnston et al., 1979; Miech et al., 2017a,b) . Annual frequency of use was assessed by the question(s), "On how many occasions (if any) have you used marijuana (grass, pot, weed, ganga) or hashish (hash, hash oil) in the past-year and in the past 30-days?" Regular use was defined as using cannabis on 100 or more occasions in the pastyear. Daily use was defined as using cannabis on 20-39 or more occasions in the past 30-days.
Cannabis use disorder
Diagnostic and Statistical Manual for Mental Disorders-IV (American Psychiatry Association, 1994) symptoms of CUD and age of CUD symptom onset were assessed using the Diagnostic Interview Schedule (DIS) (Robins et al., 1996) . The DIS was administered to participants by a doctoral-level clinician. At each 3-year assessment, participants were asked to report at what age any CUD symptom was first experienced.
Cannabis potency
Annual national average cannabis potency (THC%) was obtained from ElSohly et al. (2016) who have a contract with the National Institute on Drug Abuse to track annual cannabinoid concentrations from cannabis confiscated by the Drug Enforcement Agency. For the most recent review of the protocol and cannabinoid concentrations see ElSohly et al. (2016) . Annual national average THC percentages between 1994 and 2012 ranged from 3.50 to 12.30, respectively.
Analytic strategy
Cox regression analysis was used to investigate the number of years from first cannabis use to regular cannabis use, daily cannabis use, and first CUD symptom, using SAS 9.4. Age of first cannabis use was added to birth year to obtain the calendar year of first cannabis use. The corresponding mean THC level (Freeman et al. (2018) used a similar approach) from national data for year of first cannabis use was used for subsequent modeling and as the main predictor with sex included a priori in all models to reduce bias related to males using cannabis more frequently (Carliner et al., 2017) with a higher likelihood of experiencing CUD (Stinson et al., 2006) . For CUD models, regular use (Yes/No) or daily use (Yes/No) was included as a covariate to account for the effect of cannabis-use patterns on the development of CUD symptoms. Since regular users and daily users are more likely to endorse CUD symptoms, this provides a more stringent test of potency's relation to CUD symptom endorsement. Each use-frequency covariate was included in separate models to evaluate whether regular use or daily use influenced results; both could not be included simultaneously due to issues of multicollinearity. A similar approach was used in a previous study examining the effects of potency on progression to psychosis onset (Di Forti et al., 2009) . Importantly, the birth year was included to adjust for possible cohort effects (Singer and Willett, 2009) .
A robust sandwich estimator was used to account for the inclusion of siblings from the same family in the MLS data; an approach commonly used to adjust for correlated data (Lee et al., 1992) . Hazard ratios above 1 indicate increased risk for experiencing the event (i.e., first occurrence of regular use, daily use, or first CUD symptom). The assumption of proportional hazards (i.e., the hazard for any individual is a fixed proportion of the hazard for any other individual, is constant over time, and the hazard functions should be parallel) is required for Cox regression; thus, formal numerical tests evaluated the tenability of this assumption by including an interaction between potency at first cannabis use and time-to-event variables (Allison, 2010) .
Results
Cannabis use patterns and potency
Two models examined the association between national average potency and progression to regular and daily cannabis use onset. In each model, national average potency was the focal predictor of years from first cannabis use to the onset of regular use and the onset of daily use, while sex and birth year were included as covariates to account for possible sex differences and cohort effects. The proportional hazard assumption was met in both models. Interaction terms between national average potency and number of years to regular or daily use were not significant and were removed from final models. 1 Results of the Cox regressions are presented in Table 2 . In the first model, national average potency was not associated with the progression to first regular use (HR = 1.00; 95% CI: .90-1.11; p = .948). Birth year was not significantly associated with progression to regular cannabis use onset. However, sex was associated with the progression to first regular use, where males were at a 1.95 times higher risk of regular cannabis use onset versus those not endorsing regular use onset.
In the second model, national average potency was not associated with the progression from first use to the onset of daily use (HR = .91; 95% CI: 0.81-1.03; p = .130). However, sex was associated with onset to daily use, where males had 1.92 times higher risk of daily cannabis use onset in comparison to not endorsing onset. Birth year was significantly associated to the onset of daily use with 1.07 times more risk of earlier daily use onset. Note. M = mean; SD = standard deviation; CUD = Cannabis Use Disorder.
1 Demographic variables such as race/ethnicity, income, and highest grade completed were used in separate analyses. Due to missing values associated with ongoing data collection and data management, multiple imputation was conducted using Blimp version 1.1 to account for the nested data and PROC MIANALYZE in SAS 9.4 was used to conduct analyses. Though income had a significant relationship with progression from cannabis initiation to first regular use. No other demographic variables had a relation with outcomes, and the pattern of results did not differ for the focal predictor, national average potency. Results are available upon request from the author
CUD symptom onset and potency
The final models tested whether national average potency was associated with the number of years from first cannabis use to first CUD symptom, accounting for regular use and daily use in separate models. The proportional hazards assumption was violated in these models, as indicated by significant interactions between national average potency and number of years from first cannabis use to first CUD symptom. When interpreting the main effect of national average potency, it is considered an average of the hazard ratios due to the inclusion of the interaction term. Interaction effects from the extended Cox regression models were examined via variance estimates at pre-specified potency levels and years to CUD to further understand the relationship of national average potency on progression to CUD symptom onset.
After adjusting for sex, being a regular user, and birth year, national average potency was associated with progression to first CUD symptom (HR = 1.41; 95% CI: 1.24-1.60; p < .001). Compared to individuals not endorsing CUD symptom onset, there was 1.41 times the risk for progression to CUD symptom onset as national average potency increased by 1% point. Regular use status was associated with progression to first CUD symptom but sex and birth year were not. Those who endorsed regular use were at 4.11 times the risk of progression from initiation to CUD symptom onset, as compared to individuals not endorsing onset. In a similar model adjusting for sex, daily user status, and birth year, national average potency was associated with progression to first CUD symptom (HR=1.36, 95% CI: 1.20-1.54, p < .001). Daily use status was associated with progression to first CUD symptom, where daily users were at 3.14 times the risk of progression from first use to onset. Sex and birth year were not associated with progression to first CUD symptom.
Results for the interaction effects are reported in Table 3 . To better understand the interaction effects, we obtained hazard ratios for specific national average potency levels and the number of years to first CUD symptom. When first CUD symptom occurred in the first year after cannabis use initiation, the increase in national average potency was associated with larger hazard ratios (See Figs. 1 and 2) . For example, after adjusting for regular use, when national average potency was at 4.9%, there was a 1.88 times greater risk in CUD symptom onset in the first year after initiation for every unit increase in national average potency, compared to those who did not endorse CUD symptom onset. When national average potency was at 12.3%, the risk for experiencing the first CUD symptom within one year of initiating cannabis use was 4.85 times as likely. In the model adjusting for daily user status, at 4.9% national average potency, progression to CUD symptom onset within the first year of cannabis use initiation was 1.67 times as likely, while at 12.3% national average potency, progression to CUD symptom onset was 3.60 times as likely, as compared to those not endorsing CUD symptom onset. Within two years of initiation, after adjusting for regular use or daily use status, national average potency was not associated with progression to CUD symptom onset for either model.
Discussion
The present study is an essential first step toward understanding the influence of potency on CUD symptom onset. As cannabis policies continue to changemoving toward full recreational legalizationpotency has linearly increased in parallel, with few guidelines or regulations developed in determining "safe" levels. The current study found prospective evidence that higher cannabis potency (on average in the U.S.) increased the risk for progression to CUD symptom onset. Specifically, higher potency cannabis, on average in the U.S., used at cannabis initiation was associated with over four times the risk of CUD symptom onset within the first year of initiation, as compared to those not endorsing symptom onset.
To extend prior research examining potential factors in the development of CUD, this study used national aggregates of potency levels combined with prospective data to support the development of future research using individual potency levels to better understand the within-person associations of cannabis potency and CUD symptom onset risk. Prior studies have suggested not all cannabis users will meet criteria for CUD (Forman-Hoffman et al., 2017) . Past inconsistencies in findings regarding CUD diagnosis based on general population studies may capture transitions in cannabis use patterns and current negative life events among frequent users are potentially more important in the development of CUD (van der Pol et al., 2013) . Though regular and daily cannabis use had strong associations with progression from cannabis initiation to CUD symptom onset versus those not endorsing onset, average U.S. potency accounted for substantial risk in CUD progression after controlling for these use patterns. Although national average potency increases were not associated with CUD symptom onset within two years after initiation, this could be indicative of a higher-risk individual having already experienced symptom onset, with Note. CUD = Cannabis Use Disorder. Missing values were due to reporting discrepancies regarding age of first cannabis use and age of first CUD symptom, regular use, or daily use, where negative values were treated as missing. Less than 10% of the sample was treated as missing in any given model. *p < .05, ***p < .001.
potency being a potential driving factor for those at-risk for earlier CUD symptom onset. Relatedly, potency may be most influential in predicting the risk of earlier or faster onset to first CUD symptom among at-risk or sensitive individuals. Individuals who have not developed a CUD symptom in the first year after initiating use may reflect a lowerrisk or protected group who will not ultimately develop CUD symptomatology. Though more empirical research is needed to support the findings from this study, that higher potency cannabis, on average in the U.S., at initiation was associated with progression to CUD symptom onset (versus those not endorsing CUD symptom onset) highlights the need for early intervention and targeted prevention efforts. Potential approaches for prevention could begin with policy development, such as the establishment of guidelines and regulations regarding THC level in available cannabis, especially in states with legal medical and recreational cannabis. Future research should identify the specific CUD symptoms that are affected by increases in national average or individual potency that can be targeted in prevention programs in order to limit CUD symptom onset. By understanding the risks for CUD symptom onset based on THC%, clinicians and physicians can also develop individualized treatment plans for those using high potency THC concentrates or initiating on higher potency cannabis flower.
In comparison to individuals who did not endorse regular/daily cannabis use onset, national average potency was not associated with progression to regular cannabis use or daily cannabis use onset. This finding is not necessarily surprising. Using years and national average potency levels as metrics for examining potency and patterns of cannabis use may not capture the faster progression of this phenomenon. While potency could hasten the progression from initiation to regular/ daily cannabis use onset, these use patterns may occur within weeks or months depending on the level of potency. The modeling of potency itself could have affected these results, where yearly changes in potency (or higher potency level changes between flower or concentrates) and use of national averages of potency instead of individual-level potency could potentially impact our understanding of problematic cannabis use development. Another explanation could be that problematic cannabis use patterns are related more to the number of uses per day as opposed to the number of days used to sustain the subjective and physiological effects of cannabis. Before espousing definitive statements about the possible effect of potency on the development of more problematic Note. CUD = Cannabis Use Disorder. *p < .05. Fig. 1 . Regular user status hazard ratios representing risk of reporting a CUD symptom in the first or second year after cannabis-use initiation by potency at year of initiation. Error bars reflect 95% confidence intervals for hazard ratios.
patterns of use, further research is needed to understand the nuances of cannabis use patterns generally.
There were limitations to this study. Although the MLS has been ongoing for more than 30 years, the sample consisted of a mostly Caucasian, high-risk population and the results may not generalize to more diverse community samples. At the same time, the utilization of a higher risk group of subjects ensures that there will be sufficient cannabis use variation to yield reliable estimates of the nature of the hypothesized relationship. Another limitation is the use of national level potency data to estimate potency variation over time. However, the fact that average regional potency levels from 1994 to 2014 were 7.35% (ElSohly et al., 2016) and within +/-1 standard deviation of the national mean potency levels for individual years is suggestive that this limitation would not introduce major confounds into the analysis. While there are obvious drawbacks to using national averages of THC levels for regional data and as a proxy for THC levels in participant's cannabis, the regional data was unavailable and measuring THC levels in participant's actual cannabis has been limited due to legal issues.
Average levels of cannabidiol (i.e., compound in cannabis with analgesic effects and may provide a protective effect from the psychoactive effects of THC) decreased linearly from . 28% in 1995 28% in to .15% in 2014 28% in (ElSohly et al., 2016 . This decrease in cannabidiol suggests cannabis may, in some cases, have more intoxicating effects. Additionally, the study relied on self-report and retrospective recall of CUD symptom age of onset (e.g., forward telescoping, Parra et al., 2003) , which has the potential for recall and social desirability biases. A common limitation to cannabis research has been delineating quantity and type of cannabis (e.g., flower, concentrates). This is especially true for high potency cannabis, as concentrates have been reported as high as 80% THC (NIDA, 2017) and individuals have been shown to titrate when using higher potency cannabis (Freeman et al., 2018) ; nevertheless, the current study provides an important understanding of high potency flower (∼12% THC), on average in the U.S., that is well below 80% THC and still increased risk of progression to CUD symptom onset.
Conclusions
There has been an ongoing assumption that higher THC levels may increase the addiction potential of cannabis. This study provides preliminary evidence suggesting higher potency cannabis, on average in the U.S., in fact, increases the risk of progression to CUD symptom onset, albeit within the limitations of utilizing a high-risk sample. As legal recreational and medical cannabis becomes more available to the general public, it is critical that policymakers, researchers, clinicians, and physicians understand the health outcomes associated with these increases in potency to enhance the development of future guidelines and regulations for cannabis in any form.
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